AP1 transcription factors are required to maintain 1 the peripheral taste system by Shandilya, Jayasha et al.
                          Shandilya, J., Gao, Y., Nayak, T., Roberts, S., & Medler, K. (2016). AP1
transcription factors are required to maintain 1 the peripheral taste system.
Cell Death and Disease, 7(10), [e2433]. DOI: 10.1038/cddis.2016.343
Publisher's PDF, also known as Version of record
License (if available):
CC BY
Link to published version (if available):
10.1038/cddis.2016.343
Link to publication record in Explore Bristol Research
PDF-document
This is the final published version of the article (version of record). It first appeared online via 	Nature Publishing
Group at doi:10.1038/cddis.2016.343. Please refer to any applicable terms of use of the publisher.
University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html
OPEN
AP1 transcription factors are required to maintain the
peripheral taste system
Jayasha Shandilya1,3, Yankun Gao1,3, Tapan K Nayak2, Stefan GE Roberts1 and Kathryn F Medler*,1
The sense of taste is used by organisms to achieve the optimal nutritional requirement and avoid potentially toxic compounds. In
the oral cavity, taste receptor cells are grouped together in taste buds that are present in specialized taste papillae in the tongue.
Taste receptor cells are the cells that detect chemicals in potential food items and transmit that information to gustatory nerves
that convey the taste information to the brain. As taste cells are in contact with the external environment, they can be damaged and
are routinely replaced throughout an organism’s lifetime to maintain functionality. However, this taste cell turnover loses efficiency
over time resulting in a reduction in taste ability. Currently, very little is known about the mechanisms that regulate the renewal and
maintenance of taste cells. We therefore performed RNA-sequencing analysis on isolated taste cells from 2 and 6-month-old mice
to determine how alterations in the taste cell-transcriptome regulate taste cell maintenance and function in adults. We found that
the activator protein-1 (AP1) transcription factors (c-Fos, Fosb and c-Jun) and genes associated with this pathway were
significantly downregulated in taste cells by 6 months and further declined at 12 months. We generated conditional c-Fos-
knockout mice to target K14-expressing cells, including differentiating taste cells. c-Fos deletion caused a severe perturbation in
taste bud structure and resulted in a significant reduction in the taste bud size. c-Fos deletion also affected taste cell turnover as
evident by a decrease in proliferative marker, and upregulation of the apoptotic marker cleaved-PARP. Thus, AP1 factors are
important regulators of adult taste cell renewal and their downregulation negatively impacts taste maintenance.
Cell Death and Disease (2016) 7, e2433; doi:10.1038/cddis.2016.343; published online 27 October 2016
The sense of taste is used to identify food items for
consumption while avoiding potentially toxic compounds. To
maintain functionality, the peripheral taste cells located in the
oral cavity are continuously replaced throughout an organ-
ism’s lifetime. If this renewal process is damaged, the ability to
taste is impaired which negatively affects appetite and can
lead to malnutrition. The efficiency of the taste cell renewal
process decreases with age and can be disrupted by disease,
radiation or chemotherapy which all results in taste loss or
dysfunction.1–3 Studies using genetic lineage tracing methods
have identified populations of progenitor/stem cells for taste
buds, but how these cells repopulate taste buds is not well
understood.4 Very few regulatory factors of taste cell
proliferation or differentiation have been identified. Sonic
hedgehog (Shh) and Wnt/β-catenin signaling pathways have
been shown to have an important role in adult taste cell
renewal5,6 and β-catenin activity in the taste buds of 6-month-
old mice was significantly lower when compared with activity
levels in 10-week-old mice.6 Wnt/β-catenin signaling has a
well-established role in cell proliferation and differentiation in
embryonic taste epithelium7 and their role in taste cell turnover
may be reminiscent of their function during development.
However, the underlying mechanisms affected by Wnt
signaling in adult taste cells are unclear. In general, there is
very little information about the specific factors and pathways
that are required to maintain adult taste cell function.
In this study, we have used an unbiased approach of
sequencing messenger RNA (mRNA) isolated from taste
receptor cells of the circumvallate (CV)/foliate (Fol) taste
papillae to identify factors with a potential role in taste cell
maintenance. We determined that the expression of the
activator protein-1 (AP1) family of transcription factors (c-Fos,
c-Jun and Fosb) significantly decreased in the 6 month taste
cells compared with the 2 month taste cells. c-Fos couples with
members of the Jun family to form AP1 transcription activator
proteins which have roles in cell differentiation, proliferation and
death.8–10 c-Fos is also a well-established early response gene
that transduces short-term stimuli into long-term responses
within a cell. In this role, the expression of c-Fos is transient and
is a response to external stimuli.11,12 c-Fos is required for
normal development11,13 and is involved in programmed cell
death, though this role appears to vary by cell type.14,15 All of
these known roles of c-Fos indicate that it could have an
important role in the renewal process of the peripheral taste
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cells. Using a conditional c-Fos knockout mouse, we found that
selectively knocking out c-Fos expression in taste buds caused
a degeneration of their structure due to a reduction in both cell
proliferation and an increase in apoptosis. Our data identify a
new role for c-Fos as a critical regulator of cell maintenance
which is unique from its previously identified roles in other
cell types.
Results
Global mRNA expression changes between 2 and
6-month-old mouse taste cells. Our current understanding
of the processes that regulate taste cell renewal is limited by
the lack of a comprehensive analysis of the genome-wide
transcriptional changes that occur in the taste cells during the
mouse lifespan. To identify the crucial factors involved in
regulating taste cell renewal, we sought to use an unbiased
approach of sequencing mRNA isolated from taste receptor
cells of the CV/Fol taste papillae. As the taste cell renewal
process declines with age,16,17 we chose to identify the
differences in gene expression levels between the taste cells
of 2 and 6-month-old mice. By focusing on these age groups,
we could identify factors that are affected in the taste cell
renewal process before the consequences of aging are
profound.17–21
We performed a genome-wide transcriptome analysis
through RNA-sequencing of CV/Fol taste cells isolated from
C57Bl/6 mice belonging to different age groups (2 and
6 months). Isolated taste cells were collected from multiple
mice and pooled together. Each replicate had taste cells
isolated from 3–4 mice. Three such pooled experimental
replicates were used for the RNA analysis. This provided
sufficient RNA that no amplification of the mRNA was needed
which reduces any potential bias that occurs due to an RNA
amplification step. Figure 1a depicts the workflow of RNA-
sequencing analysis performed to study the differential gene
expression pattern of 2 and 6 month CV/Fol taste cells. Before
sequencing, the quality of RNA was evaluated using a
Bioanalyzer profile to ensure degradation had not occurred.
The raw RNA-sequencing data were analyzed using the
Tuxedo protocol (TopHat, Cufflinks and Cuffdiff) followed by
visualization using CummeRbund. The RNA-seq read counts
(FPKM) at the gene and the replicate genes level between 2
and 6-month-old mice CV/Fol taste cells were plotted as box-
plots and show the normalized expression values (Figures 1b
and c). These data demonstrates that the samples were
comparable in their overall variability which increases our
confidence that the differences detected were not due to
skewed data. A density plot evaluates the quality of normal-
ized distributions of FPKM scores across the analyzed
samples which also show no difference in the distributions of
the data sets (Figure 1d). The quality of RNA-sequencing data
was further evaluated to assess the cross-replicate variability
by measuring the variance of genes in 2 and 6-month-old mice
taste samples (Figure 1e) and to rule out any bias due to over-
dispersion for the two data sets (Figure 1f). As the data sets
are comparable, we know that the differences that have been
detected are not due to inherent biases in the data set but are
due to changes in the expression patterns between the two
samples. The scatter plot (Figure 1g) and the volcano plot
(Figure 1h) identifies the global changes and trends in gene
expression between 2 and 6-month-old mice taste samples.
The data points displayed in red are significantly differentially
expressed genes.
This approach identified 152 genes (of ~ 23 000 genes
analyzed), with expression profiles significantly different
between the 2 and 6 month samples. These differences are
depicted in the heat map analysis (Figure 2a). Although the
majority of the altered genes had reduced expression by
6 months, some genes were significantly upregulated
(Figure 2b). Transcripts of all the known taste specific genes
were detected while olfactory receptors were absent, confirm-
ing a taste specific transcription readout. Potential candidate
genes were analyzed for the associated gene ontology which
gave us insight on their roles in the regulation of adult taste
function (Figure 2c). The gene ontology categorized the
differentially expressed genes based on their known roles in
other cell types. Most of the genes affected are involved in
routine cell functions such as binding to calcium, RNA or
protein, as well multiple enzymes and their regulators.
Although these genes are needed for taste cell function, it is
unlikely that they are the regulatory factors that control the
processes involved in taste cell maintenance.
Quite unexpectedly, the AP1 transcription factors c-Fos,
c-Jun and Fosb were significantly downregulated in the
6 month sample. String network analysis of the RNA-seq data
identified several differentially regulated genes that are
associated with c-Fos and c-Jun and suggests a potential
relationship in taste cells (Figure 2d). Analysis of c-Fos
expression in taste cells from 12-month-old mice found a
further reduction in the mRNA expression levels with
age (Figure 2e) while the levels of another candidate gene
Egr1 (ref. 22) and c-Jun did not show a further change
between the 6 and 12 month samples, though there is a
significant reduction between 2 and 12 month samples for all
three genes. Thus c-Fos is consistently and selectively
downregulated in the taste buds of older mice. Taken together,
these data suggest a potential role for the AP1 transcription
factors in the maintenance of the peripheral taste system.
AP1 transcription factors are downregulated in CV/Fol
taste cells from 6-month-old mice. We validated the
differences in the expression of c-Fos, c-Jun and other
selected candidate genes from the RNA-sequencing data set
using qRT-PCR and found a strong correlation with the RNA-
sequencing results. We evaluated the taste receptor gene
(Tas1r3) expression as a taste specific control and found it
was unchanged. As a negative control, we confirmed that
olfactory-specific gene (Olfr1) is not expressed in taste cells
(Figure 3a). We also selected several genes to further
validate their RNA-seq differential expression pattern. Genes
having enzymatic activity such as Lipf (lipase F), Lyg1
(Lysozyme G-Like 1), Slpi (secretory leukocyte protease
inhibitor) and Dusp1 (Dual specificity protein phosphatase 1)
were tested along with Zfp36 (zinc finger protein 36 homolog)
which has a role in inflammatory responses. Out of these
genes, Dusp1 is an immediate early gene like the AP1 factors
c-Fos and c-Jun.23 The RNA-sequencing and subsequent
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qRT-PCR analyses found these genes to be significantly
downregulated in 6-month-old taste cells (Figure 3b).
Immunohistochemical analysis of the CV papillae found that
the protein expression of both c-Fos and c-Jun was reduced in
the 6-month-old mice compared with the 2-month-old mice.
However, the level of acetylated histone H3 (a marker of
transcriptionally active chromatin) was similar in both the
age groups suggesting that transcriptional activity is not
different between 2 and 6-month-old taste cells (Figure 3c).
Taste buds contain three major types of taste cells that
can be differentiated based on the expression of specific
markers.24–26 Immunohistochemical analysis of the CV
papillae revealed that c-Fos and c-Jun are widely expressed
and have overlapping expression with the type I marker,
NTPDase (Figures 3d and e). Very little overlap with Type II
cells (assessed using TRPM5-GFP expression, c-Fos: 10%
overlap, c-Jun:16%) and almost no overlap with the type III
marker (assessed using GAD-GFP expression, c-Fos: 5%
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Figure 1 RNA-sequencing analysis of mouse CV/Fol taste cells from 2 and 6-month-old mice. (a) Schematic of RNA-sequencing workflow. Bioanalyzer profile of one of the
RNA samples isolated from 6 month mice CV/Fol taste receptor cells. An RNA Integrity Number (RIN)⩾ 8 is recommended for RNA-sequencing library preparation. (b) Box plots
of the expression RNA-seq read counts (FPKM) at the gene level and (c) the replicate genes level in CV/Fol taste cell RNA between 2 and 6-month-old mice taste cells.
(d) Density plot shows the distribution of the FPKM values at the gene level in 2 and 6 month mice taste samples. (e) Variance of genes in 2 and 6-month-old mice taste samples.
(f) Dispersion plots of 2 and 6-month-old mice taste samples. (g) Scatter plot shows differences in gene expression between 2 and 6-month-old mice taste cells. (h) Volcano
plot identifying differentially expressed genes between 2 and 6-month-old mice taste samples (red is significant). Plots were generated using CummeRbund package v. 2.0
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overlap, c-Jun: 5% overlap) was found. These data indicate
that the AP1 transcription factors are mostly expressed in type
I cells. Due to the anatomy of some type I cells and their
tendency to wrap around other cell types, the small overlap we
measured for c-Fos and c-Jun could be attributed to the type I
cells orientation with the type II and type III cells. We cannot
rule out that a small percentage of types II and III cells do
express c-Fos or c-Jun but it does not appear to be a
significant portion of these taste cells. Interestingly, we
observed that c-Fos and c-Jun have a diffused localization in
the taste bud cells (both nuclear and cytoplasmic). It is
possible that these AP1 factors have some distinct non-
transcriptional roles in mature taste cells as has been shown in
other tissues.27,28
c-Fos knockout alters taste bud structure. Based on the
known functions of AP1 transcription factors in cell growth,8
we predicted that the reduced protein expression of c-Fos
and c-Jun affects the taste cell renewal process. As c-Fos
and c-Jun work together, we generated a conditional knock-
out mouse of c-Fos gene using an inducible Cre-lox system.
Tamoxifen-inducible Cre-Keratin 14 (Cre-K14) expresses
predominantly in lingual epithelium and regenerating taste
cells and has been successfully used to knockout genes of
interest in taste buds.29,30 The mice were analyzed for c-Fos
expression in both wild type (WT) and c-Fos-KO mice 7 and
14 days after the final tamoxifen injection. Immunofluores-
cence analysis of c-Fos-KO mice showed drastically reduced
c-Fos expression compared with WT mice after 7 and 14 days
(Figure 4a). c-Fos was lower but not absent in the c-Fos KO
tongues, which is consistent with the findings of Okubo
et al.29 that the K14CreER lineage tagging results in mosaic
labeling, and thus with incomplete deletion of c-Fos.
Even with some residual c-Fos expression in the CV
papillae, the loss of c-Fos had a substantial effect on the
structure of the CV papillae. Compared with WTmice, the size
of the individual CV taste buds were significantly reduced in
the c-Fos-KO mice (Figure 4b, compare the length of yellow
arrows) and the structure of the CV papillae began to break
down. The differences in the taste bud size between WT and
c-Fos-KO mice were quantitated (n= 5 mice each) using all
the taste buds from a single optical section located in the
middle of the CV papillae. These data are plotted as a
distribution histogram and reveal a significant reduction in the
size of the taste buds from c-Fos-KO mice (Figure 4c). Cell
counting of the number of taste receptor cells/bud in the c-Fos-
KOmice comparedwith theWTrevealed a small but significant
decrease in the number of taste cells/bud in the c-Fos-KO
mice, 14 days after treatment (n=14 buds for WTand 15 buds
for KO, Po0.01, Figure 4d). Cell counting of taste receptor
cells/bud 7 days after treatment revealed no significant
difference in the number of taste cells/bud (n= 11 for WT
and 11 for KO, P=0.447). Thus, AP1 transcription factors are
required to maintain normal taste bud structure and when
c-Fos expression is lost, the peripheral taste structures begin
to break down.
c-Fos regulates taste cell turnover. Using qPCR, we
evaluated the mRNA levels of c-Fos after the mice were
treated with tamoxifen. We found significantly reduced but not
abolished c-Fos mRNA in taste cells after the tamoxifen
treatment (Figure 5a). Based on our immunohistochemical
analysis (Figure 4a), most of the c-Fos protein expression is
gone, but some residual protein may remain. However, this low
level of c-Fos was not sufficient to maintain the taste cells in
their normal configuration. We measured the mRNA levels of
several genes found in the string network with c-Fos in the
c-Fos-KO mouse. These include Hmox1 (heme oxygenase 1),
Ivl (Involucrin), Dusp14 (Dual Specificity Phosphatase 14) and
Dcn (Decorin) which are known to be involved in a diverse
array of cellular processes and reported to be modulated by
c-Fos.31–34 Analysis of the mRNA levels for these target genes
found no reduction in their expression after loss of c-Fos even
though their levels were reduced in the RNA-sequencing
analysis. These data suggest that the low levels of c-Fos that
remain after knock down are sufficient to maintain the normal
expression levels of these genes or their expression levels are
not directly dependent on c-Fos activity. It is also possible that
the cells have compensatory mechanisms to maintain their
expression when c-Fos is lost. Further experiments will be
needed to determine which of these hypotheses are correct.
The altered morphology of the taste buds suggests that
c-Fos plays a critical role in taste cell renewal, taste cell death
or both processes. To explore the effect of c-Fos deletion on
taste bud differentiation, we compared the expression levels of
Keratin 8 (Krt8) in WTand c-Fos-KO mice taste cells. Krt8 is a
differentiation marker expressed in taste cells that have been
terminally differentiated.35 The level of Krt8 was significantly
reduced in the c-Fos-KO taste cells suggesting that cell
differentiation is impaired when c-Fos expression is reduced
(Figure 5a). We also analyzed cell proliferation by measuring
the expression levels of the proliferation marker Ki67 (ref. 36)
in WT and c-Fos-KO taste cells (Figure 5a). Loss of c-Fos
resulted in a significant reduction of Ki67 expression.
Studies have shown that c-Fos is also an important
regulator of cell survival.37,38 To determine if taste cell survival
Figure 2 Multiple genes are differentially expressed in taste cells between 2 and 6 month age. (a) Heat map of differentially expressed genes in 2 and 6 month (Mo) mice taste
cells. Higher expression is shown with darker color. (b) Plot shows the number of up- and downregulated genes in 6-month-old mouse taste cells. (c) Gene Ontology based
classification of differentially expressed genes between 2 and 6 month mice. This analysis was performed using the Panther gene list analysis, molecular function. Bar graph
depicts the number of genes associated with each functional category. The gene categories are also shown as pie chart (Inset). (d) String network analysis shows strong
connections of AP1 transcription factors and potential target genes. The differentially expressed genes (see green/red arrows) in 6 month CV/Fol taste cells are shown in the
‘confidence view’ of the string network analysis. Stronger associations are represented by thicker blue lines. (e) Relative FPKM values for c-Fos, c-Jun and Egr1 gene expression
in 2, 6 and 12-month-old mice taste samples. Error bars denote s.d. of three independent experiments. c-Fos, 2–6 months (Po5.00E-05), 6–12 months (o5.00E-05),
2–12 months (o5.00E-05), c-Jun, 2–6 months (o5.00E-05), 6–12 months (NSD), 2–12 months (o5.00E-05), Egr1, 2–6 months (o5.00E-05), 6–12 months (NSD)
2–12 months (o5.00E-05). ***Po0.001
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Figure 3 AP1 transcription factors downregulate in 6-month-old CV/Fol taste cells. (a) qRT-PCR analysis of the relative expression for different genes in CV/Fol taste cells
from 2 and 6 month mice: c-Fos (P= 0.033), c-Jun (P= 0.0067), Egr1 (P= 0.045). Taste cell receptor gene (Tas1r3, P40.05), and olfactory gene (Olfr1, P40.05).
The olfactory-specific gene (Olfr1) is not expressed in taste cells and was used as a negative control. (b) qRT-PCR validation of selected genes: Lipf (P= 0.0091),
Lyg1 (P= 0.0293), Slpi (P= 0.0144), Dusp1 (P= 0.011) and Zfp36 (P= 0.0133) in 2 and 6 month mice. Statistical significance was determined using Student’s t test. Error bars
denote S.D. of three independent experiments. (c) Immunohistochemical analysis shows reduced labeling for c-Fos, c-Jun and acetylated histone H3 (AcH3) in CV taste bud in
6-month-old mouse compared with 2-month-old mice. Bar= 20 μM. (d) Localization of c-Fos (red) and type I (NTPdase2, green), type II (Trpm5-GFP) and type III (GAD67-GFP)
markers in CV taste papillae from 2-month-old mice. Nuclei were labeled with DAPI (blue). (e) Similarly, the localization pattern of c-Jun and different taste cell type markers.
Bar= 20 μM. *Po0.05; **Po0.01
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is affected by the loss of c-Fos, we analyzed the apoptosis
levels in taste cells. Poly (ADP-ribose) polymerase-1 (PARP-1)
is one of the cellular substrates of caspases and the cleavage of
PARP-1 is considered an important early marker of
apoptosis.39,40 Using an Anti-PARP p85 Fragment antibody
that has been shown to be a reliable immunohistochemical
marker for the specific detection of apoptotic cells,41,42we found
that the level of apoptosis significantly increased in the c-Fos-
KO taste cells compared with WT (as indicated by higher
cleaved-PARP intensity in Figure 5b). Thus c-Fos acts to
prevent taste cell death aswell as to promote taste cell renewal.
Interestingly, the mRNA expression of different taste cell
type markers did not change after c-Fos was removed within
the time points tested (Figure 5c). The expression levels of the
taste cell markers were also unchanged in our RNA-
sequencing data set. Protein expression levels of another
type II taste cell marker, PLCβ2, also did not change in the
c-Fos-KO mice compared with controls (37% expression in
WT, 39% expression in KO, P40.05). Thus, while the terminal
differentiation of taste cells may be affected in c-Fos KO mice
(as seen by the reduction in Krt8 expression), the cell type
markers that we tested were not reduced within the timeframe
of these experiments. While surprising, these data do agree
with the findings of Gaillard and Barlow6 that showed
comparable levels of cell type markers in young (2 mo) and
older (6 mo) old mice, even while Wnt signaling was
significantly reduced. Clearly, the cellular processes control-
ling taste cell function are complex and further studies will be
needed to connect the signaling pathways that control taste
cell maintenance with the expression of taste-specific genes.
Discussion
Although it is clear that taste cell renewal has significant
effects on taste function, the precise molecular pathways and
factors that regulate this crucial taste cell property are poorly
understood. An earlier study found that taste bud size and
taste cell density decreases in humans with age but the
molecular mechanisms involved were not identified.43 Our
RNA-sequencing analysis has provided a global picture of
taste-specific gene expression changes that occur within a
span of a few months in adult mice. We found significant
differences in the expression of multiple genes (~152) in the
peripheral taste receptor cells of 6-month-old mice compared
with young adult (2 month old) mice. Most of these genes have
roles in the normal function of taste cells and are unlikely to
be involved in the processes that control taste cell turnover
and renewal. However, our bioinformatics analyses identified
Figure 4 Loss of c-Fos alters of taste bud structure. (a) c-Fos expression is reduced by 7 and 14 days post-tamoxifen treatment in c-Fos-KO taste cells. Immunohistochemical
analysis shows reduced labeling for c-Fos (green) in CV taste papillae from a tamoxifen-treated c-Fos-KO mice compared with control mice. Bar= 50 μM. (b) DIC image shows
changes in the structural integrity of CV taste papillae in tamoxifen-treated c-Fos-KO mice after 14 days (right panel) compared with control mice (left panel). Bar= 50 μM.
(c) A distribution histogram of distances between the base and the tip of individual CV taste buds (see yellow arrows in b). WT and c-Fos-KO distance distributions were
significantly different at 95% confidence level (non parametric Mann–Whitney test; ***P= 0.0001). (d) Analysis of the number of taste receptor cells/bud in c-Fos-KO mice found a
significant reduction in the number of taste cells/bud compared with controls (**Po0.01, WT= 14 buds; KO= 15 buds)
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several candidate factors that have the potential to affect taste
cell renewal. The most striking of these candidates were the
AP1 transcription factors, c-Fos and c-Jun whose expression
consistently and progressively decreased from 2 to 12-month-
old mice taste buds. Indeed, c-Fos and c-Jun are central to a
network of genes that are differentially expressed from 2 to
6 month mice taste cells (Figure 2) through their function as
transcriptional regulators. Taken together, these data support
the idea that the AP1 transcription factors and their associated
genes are important for the maintenance of the peripheral
taste system.
The Wnt/β-catenin signaling pathway has been shown to
regulate adult taste cell renewal6 and β-catenin activity is
significantly reduced in the taste buds by 6 months. Several
studies have shown an association between AP1 and
β-catenin in the regulation of diverse gene targets in other
tissues. In these instances, AP1 factors are downstream
targets of the Wnt/β-catenin pathway.44,45 It is possible that
AP1 factors co-operate with the Wnt/β-catenin signaling
pathway in co-regulating the taste cell renewal process or
are downstream targets for this pathway.
c-Fos has been used as an activity indicator in taste cells in
the context of inflammation signaling46,47 and it is commonly
used as an activity indicator in neurons.22 Indeed, c-Fos is
widely used as an activity indicator in many studies measuring
taste induced activity in the central taste system.48–50 A spike
in c-Fos immunoreactivity in the central amygdala and insular
cortex regions of brain was observed during taste aversion
conditioning and on introduction of novel tastants.51 Other
work reported that c-Fos KO animals have deficits in the
normal long-term learning and memory that is normally
associated with aversive taste learning.52 To our knowledge,
Figure 5 Loss of c-Fos results in reduced taste cell differentiation and increased apoptosis. (a) Relative expression of indicated genes: c-Fos (P= 0.0056), Krt8 (P= 0.0252),
Ki67 (P= 0.0202), Dusp14, Hmox1, Dcn and Ivl in CV/Fol taste cells fromWTand c-Fos-KO mice. Statistical significance was determined using Student’s t test. Error bars denote
S.D. of three independent experiments. (b) Immunohistochemical analysis shows the expression level of cleaved-PARP in the CV taste cells of WTand c-Fos-KO mice, 14 days
after tamoxifen treatment. (c) qRT-PCR analysis of taste cell type markers Glast (type I), Tas1R3 (type II) and Snap25 (type III). Error bars denote S.D. of three independent
experiments. *Po0.05; **Po0.01
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however, the role of c-Fos in taste receptor cells has not
previously been evaluated. Our data suggest that c-Fos is
much more than an activity indicator in peripheral taste cells.
Our data reveal that a significant reduction in c-Fos causes a
loss in the structural integrity of taste buds and accelerates the
deterioration of taste papillae structure. Further analysis of our
RNA-sequence data set found that the pathways required for
general epidermal differentiation and cornification are also
downregulated in the 6 month samples. These genes are
responsible for maintaining the normal epidermal surface
which includes taste buds. Break down in the epidermal
surface causes an increase susceptibility to infections and an
upregulation in inflammatory cytokines.53 Analyses of the co-
expression of c-Fos and c-Jun with taste cell markers reveal
that these two proteins are primarily, even perhaps exclusively,
expressed in type I cells. Thus the loss of taste cells that
occurs in the c-Fos KOmice 14 days after tamoxifen activation
are likely to be primarily type I cells. Indeed, we found no loss
of type II cells in the c-Fos KO mice compared with controls.
Type I taste cells comprise ~ 50% of a taste bud and have
properties similar to glial cells in the nervous system. These
taste cells can wrap around other taste cell types and express
proteins involved in the deactivation and reuptake of neuro-
transmitters from the surrounding milieu.54–56 These char-
acteristics have supported the hypothesis that type I cells
function primarily to support the other transducing taste cells.
However, another study determined that type I cells express
amiloride sensitive sodium channels which are involved in salt
transduction57 suggesting that the type I taste cells likely also
transduce salt stimuli. Our data reveal that the AP1 factors are
expressed primarily in the type I cells and appear to be
important for the functional integrity of the taste cells and its
surrounding epithelium. These findings agree with the idea
that type I cells primarily function to maintain the functional
integrity of the taste bud.
Our data has identified a critical role for c-Fos in the routine
maintenance of taste cells, and this role may be common to
multiple systems. The results reveal that c-Fos is required to
maintain the structural integrity of taste buds by affecting
both taste cell renewal and apoptosis. In conclusion, our data
have identified a new role for AP1 transcription factors in
taste cell maintenance and provides new insights into the
current understanding of the molecular basis of the taste cell
renewal.
Materials and Methods
Taste cell isolation. Animals were cared for in compliance with the University
at Buffalo Animal Care and Use Committee (IACUC). For generating knockouts, we
used the following mouse lines: Tg(KRT14-cre/ERT)20Efu/J, stock no: 005107 and
B6;129-Fostm1Mxu/Mmjax, stock no: 024767, The Jackson Laboratory. Isolated taste
receptor cells were collected from adult mice (at ages 2, 6 or 12 months) following
previously described procedures.58–65 Taste buds were harvested from CV and Fol
papillae of C57BL/6 mice (n= 3 mice per sample for older mice, 4 mice per sample
for 2 mo mice). Mice were killed with CO2 and cervical dislocation. Tongues were
removed and then injected under the lingual epithelium with 100 μl of an enzymatic
solution containing 0.7 mg of collagenase B (Roche, Indianapolis, IN, USA), 3 mg of
dispase II (Roche), and 1 mg of trypsin inhibitor (Sigma, St. Louis, MO, USA) per
milliliter of Tyrode’s solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 3 mM CaCl2,
10 mM Hepes, 10 mM glucose, and 1 mM pyruvic acid, pH 7.4). Tongues were
incubated with oxygenated Tyrode’s solution for 20 min before the epithelial layer
was peeled off and incubated in Ca2+ free Tyrode’s solution (140 mM NaCl, 5 mM
KCl, 10 mM Hepes, 2 mM BAPTA, 10 mM glucose and 1 mM pyruvic acid, adjusted
to pH 7.4) for 30 min. The tissue was put back into Tyrode’s and Fol/CV taste cells
were harvested with a capillary pipette using gentle suction. All the taste cells from
each Fol and CV papillae were collected into Tyrode’s on ice. For each sample, cells
from multiple mice were pooled together. It took ~ 10 min to collect all the cells from
three mice for one pooled sample. The cells were centrifuged and the Tyrode’s
solution was completely removed. The pelleted cells were stored at − 80 oC until
the RNA was isolated.
Library construction and sequencing for RNA-Seq. Total RNA was
isolated using the Nucleospin RNA XS kit (Clontech, Mountain View, CA, USA) from
the pooled samples of taste cells of 2 mo and 6-month-old mice at the same time.
Triplicate samples of the isolated taste cells from 12-month-old mice (n= 3 mice per
replicate) were isolated and analyzed at a later date. One of the replicates of the
12 month samples was of lower quality so we did not do a full analysis of the
12 month samples. RNA samples for three replicate experiments (pooled taste cells
isolated from 3 to 4 mice for each replicate experiment) per age group were
quantified using Ribogreen Assay (Invitrogen, Carlsbad, CA, USA). The quality of
samples was checked using Bioanalyzer 2100 RNA nano 6000 chip (Agilent, Santa
Clara, CA, USA). The TruSeq RNA sample preparation kit (Illumina, San Diego, CA,
USA) was used to prepare cDNA libraries from RNA samples. Samples were poly A
selected to isolate mRNA, the mRNA was cleaved into fragments, the first strand
reverse transcribed to cDNA using SuperScript II Reverse Transcriptase (Invitrogen)
and random primers, followed by second strand cDNA synthesis using Second
Strand Master Mix supplied with the kit. After end repair, the addition of a single ‘A’
base, and ligation with adapters, the products were enriched and purified with PCR
to create the final cDNA library as per manufacturer’s protocol. cDNA libraries were
quantified using Picogreen Assay (Invitrogen) and Library Quantification kit (Kapa
Biosystems, Wilmington, MA). Agilent Bioanalyzer 2100 DNA 7500 chip is used to
confirm the quality and size of the cDNA libraries. The cDNA libraries were then
normalized, pooled and sequenced using the Illumina HiSeq2500 following the
manufacturer’s instructions at the UB Genomics and Bioinformatics Core Facility,
Buffalo, NY, USA.66,67
Raw sequencing reads (obtained from the six sets of mice taste cell RNA-Seq
experiments (three for taste cells from 2-month-old mice and 3 for taste cells from
6 month old mice) were mapped to the Mus musculus genome (GRCm38/mm10
build) using TopHat (v2.0.7), with default parameters and Illumina’s iGenomes
transcript annotation file ‘genes.gtf’ (from RefSeq; mm10) available at http://support.
illumina.com/sequencing/sequencing_software/igenome.ilmn. This data set is avail-
able in the NCBI GEO database, accession number GSE85308. Gene isoform level
transcript abundances were quantified as Fragments Per Kilobase of transcript per
Million mapped reads (FPKM) using Cufflinks (v2.1.1). Differentially expressed genes
information was calculated using Cuffdiff and the plots were visualized using
CummeRbund package v. 2.0 (Boston, MA, USA).
Tamoxifen treatment. The mutant (c-Fos-KO) and WT mice had similar
growth and breeding behavior in the absence of any tamoxifen treatment. At the age
of 6–8 weeks, c-Fos-KO and WT mice were administered tamoxifen (75 mg/Kg
body weight) via intraperitoneal injection (using an IACUC approved procedure)
once every 24 h for 6 consecutive days. Both the KO and the WT mice were
monitored for any adverse effects. Mice were euthanized and tongues were
collected either 7 or 14 days post injection.
Immunohistochemistry. Immunohistochemical analysis was performed as
previously described.58,68 Antibodies were: anti-cleaved PARP (ab4830; 1:50), anti-
c-Fos (ab7963; 1:50), anti-c-Jun (ab31419; 1:50), anti-AcH3 (ab1791; 1:200) from
Abcam and anti-NTPdase2 (1:100).69 Secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA, USA). Some experiments were
performed with anti-c-Fos that had a fluorophore directly attached using the
Mix-n-Stain CF Dye antibody labeling kit (Biotium, Hayward, CA, USA). The images
were taken via LSCM and we have used single optical section to demonstrate
double labeling as well as for cell counting analyses. Identical settings for laser
intensity and brightness/contrast were used for comparative analysis between
sections.
RNA analysis. Taste buds/cells were isolated from individual mice. Each
replicate consisted of isolated taste cells pooled from 2 to 3 mice. Three such
pooled experimental replicates were used for the qRT-PCR analysis. Total RNA was
prepared using the Nucleospin RNA XS kit (Clontech) and cDNA was prepared
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using the Bio-Rad cDNA synthesis kit (Hercules, CA, USA). Primers for RNA
analysis are listed in Table 1. All experiments consisted of at least three biological
repeats. Data for the qPCR was normalized to GAPDH and were plotted as average
values with S.D.
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